Electroacupuncture (EA) has been commonly used to treat stroke in China. However, the underlying mechanism remains largely unknown. The present study investigated the neuroprotective effects of EA in middle cerebral artery occlusion (MCAO) rats and elucidated the possible anti-inflammatory mechanisms.
Background
Stroke is a leading cause of death and disability in adults around the world. More than 80% of strokes are of the ischemic type, which has high mortality and morbidity rates [1] . Previous studies have shown that oxidative stress, excitotoxicity, apoptosis, and inflammation contribute to the pathophysiology of ischemic brain damage [2] . In particular, inflammation is one of the key pathological mechanisms, representing a major cause of secondary injury after ischemic stroke [3] . In recent years, mounting evidence has indicated that the inflammasome has critical functions in inflammatory reactions and innate immunity [4] . The nucleotide-binding domain-like receptor family (NLRP3), a pyrin domain-containing inflammasome, is a pattern recognition receptor critical in innate immunity and is a multimolecular protein involved in the inflammatory reactions of cerebral ischemic injury. The NLRP3 inflammasome includes NLRP3, an apoptosis-associated specklike protein containing an ASC adaptor and pro-caspase-1 [5] . NLRP3 activation induces caspase-1, which controls the biosynthesis of the pro-inflammatory cytokines IL-1b and IL-18, initiating subsequent responses [6] .
MicroRNAs (miRNAs) are endogenous, small, noncoding RNA entities (approximately 18-22 nucleotides long) that control mRNA degradation and/or mediate protein translation by binding to specific sites located in the 3' or 5'-untranslated regions (UTRs) of the target mRNAs [7] . MicroRNAs are involved in multiple physiological and pathophysiological processes of inflammatory diseases, and miR-223, an inflammation-related miRNA, has attracted increasing attention. NLRP3 is inactivated by miR-223 via a conserved binding site in the 3' UTR [8] .
Acupuncture, as an important component of traditional Chinese medicine (TCM), has been clinically used for disease treatment for more than 2000 years [9] . Increasing evidence has shown that electroacupuncture (EA) exerts protective effects on multiorgan systems against ischemic injuries by reducing cell apoptosis via various signal pathways, especially in the brain [10, 11] and heart [12, 13] . In addition, studies also showed that EA provides a neuroprotective effect by improving cognitive function in neurodegenerative diseases [14] . Recently, it has been proposed that EA alleviates inflammatory responses through various pathways to treat cerebral ischemic injury [15, 16] . However, the effect of EA on miRNA-dependent modulators in stroke is largely undefined.
We hypothesized that EA treatment modulates inflammatory reactions in MCAO rats by regulating the miR-223/NLRP3 pathway. In the present study, we assessed the therapeutic effects of EA on neuroinflammation in MCAO rats and explored the underlying molecular mechanisms.
Material and Methods

Animals and experimental design
Adult male Sprague-Dawley rats (220-270 g, purchased from the Experimental Animal Center of Huazhong University of Science and Technology, Wuhan, China) were used in the present study. The rats (4-5/cage) were housed at 24±1°C under a 12-h/12-h light/dark cycle with free access to food and water. After acclimatization to the housing facility for 7 days, the animals were randomized to 5 groups by random sampling method: the Sham (Sham) group, the MCAO model (MCAO) group, the EA treatment (EA+MCAO) group, the EA/Scrambled treatment (EA+MCAO+Scr) group, and the EA/Antagomir-223 treatment (EA+MCAO+Ant-223) group. All animals underwent MCAO with the exception of the Sham group.
Procedures involving animals were approved by the Animal Experimentation Ethics Committee of Tongji Hospital (2017-609), and were performed strictly according to the National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH Publication No. 8023, revised 1978).
Intracerebroventricular injection
Intracerebroventricular injection was performed according to a previous report [17] . In brief, the animals were anesthetized and by a sagittal skin incision was made from bregma to lambda. Then, a hand-drill (RWD Life Science, China) was used to make a small hole at the injection site on the skull: anteroposterior -0.8 mm from the bregma, mediolateral 1.5 mm from the midline, and dorsoventral -4.8 mm from the skull. Scrambled-miR (2.5 nmol, 5 μl) or antagomir-223 (2.5 nmol, 5 μl) was microinjected using a 5-μl Hamilton microsyringe at 0.5 μl/min. The needle was slowly removed 5 min after injection. The drilled hole was sealed and the scalp debrided before suturing. Antagomir-223 and scrambled-miR were produced by Ribobio Co. (China) at a final concentration of 0.5 nmol/μl.
Animal surgery
Thirty minutes after right lateral ventricle injection, the middle cerebral artery occlusion (MCAO) model was produced according to methods described in a previous study [18] . In brief, anesthesia was performed with 5% isoflurane-inhalation induction and 2.5% maintenance (RWD Life Science Co., Shenzhen, China), and the right internal carotid artery was inserted by a nylon suture thread to block the middle cerebral artery for 90 min. Then, the nylon suture thread was withdrawn. The Sham group underwent the same surgical process except that the middle cerebral artery was not occluded.
EA treatment
EA was performed 1 day after MCAO. Briefly, insertion of acupuncture needles (0.3 mm diameter, HuaTuo, Suzhou Medical Appliance Company, China) was carried out at a depth of about 3 mm into the acupoints Waiguan (TE5) and Zusanli (ST36) on the paralyzed left limb, followed by electrical stimulation with an electroacupuncture therapeutic apparatus (G6805-II, Shanghai Medical Electronic Apparatus, China) ( Figure 1A ). Continuouswave EA (20HZ, 1 mA) was administered to rats for 30 min, once daily, for 7 continuous days. The following experiments were performed by a person blinded to group assignment.
Neurobehavioral evaluation
Neurological deficit scores were evaluated 1, 3, 5, and 7 days after MCAO or sham operation, employing the modified neurological severity scoring (mNSS) system, by a blinded investigator. A higher mNSS score (0, normal; 18, maximal deficit) indicates more severe neurological behavioral impairment.
Infarct volume and brain water content measurements
At the end of the neurobehavioral test, rats (n=5) underwent deep anesthesia and decapitation. Brain samples were obtained, kept at -20°C for 10 min, and cut into 5 coronal 2-mm-thick sections. Staining was performed with 2% 2,3,5-triphenyltetrazolium chloride (TTC) (Sigma, USA; 30 min, 37°C) followed by fixation with paraformaldehyde (4%) overnight at 4°C. Sections were photographed with a digital camera, and ischemic brain injury areas were determined in a blinded manner with an Image-Pro Plus analyzer. Infarct volumes reflected infarct area percentages. For brain water content measurement, the wet-dry method was employed. Briefly, the brain wet weight was recorded from 25 rats (n=5). Then, the fresh brains were dried and weighed to yield dry weights. Brain water content (%) was derived as (wet weight-dry weight)/wet weight×100%.
Hematoxylin-eosin (HE) staining, Nissl staining, and TUNEL staining
The animals (n=5) were submitted to deep anesthesia and transcardially perfused with pre-cooled heparinized physiological saline and 4% paraformaldehyde. Brain samples were collected, paraffin-embedded, and sectioned at 4-μm coronally. HE staining was carried out according to standard protocols. Toluidine blue (Nissl) staining was performed as previously described [19] . Results were examined under a light microscope (DM2500; Leica Microsystems, Germany). Four randomly selected high-power fields were analyzed, and Nisslpositive cells were calculated by Image-Pro Plus 6.0 (Media Cybernetics, USA) by a person blinded to group assignment. Results are expressed as the number of neurons.
The TUNEL assay was carried out with the In Situ Cell Death Detection Kit (Roche) according to the manufacturer's directions. The sections underwent treatment with a red fluorescent-tagged enzyme solution and were examined under a fluorescence microscope (DM2500; Leica Microsystems, Germany). TUNEL-positive cells with red fluorescent were measured using Image-Pro Plus version 6.0 (Media Cybernetics, USA) by a person blinded to group assignment. Every sixth section of the coronal cortex samples was processed, and the results are expressed as the number of labeled cells.
Western blot analysis
Peri-infarct cortical tissue samples from each group (n=5) were resected for Western blot analysis using the method detailed EA treatment on non-acupoint has no effect on the mNSS scoring and miR-223 expression. (A) The acupoints (TE5, ST36, and NA) of rats were treated by EA in the current study. (B) EA decreased the mNSS scores of the MCAO rats. EA treatment at NA showed no effect on mNSS score compared with the MCAO group. (C) EA increased the miR-223 expression of the MCAO rats. EA treatment at NA showed no effect on miR-223 expression compared with the MCAO group. The data are presented as the mean±SD. (n=8, and error bars represent mean ±SD. ### P<0.001, vs. the MCAO group). EA -electroacupuncture; MCAO -middle cerebral artery occlusion; NA -non-acupoint.
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in a previous report [19] . Protein amounts were measured by the bicinchoninic acid (BCA) method. Primary antibodies targeting NLRP3 (Abcam, 1: 500), Caspase-1 (Abcam, 1: 5000), and GAPDH (Santa Cruz, 1: 1000) were added and incubated overnight at 4°C, followed by incubation with horseradish peroxidase (HRP)-linked anti-IgG secondary antibodies (1: 1000) for 1 h. Blots were visualized with an enhanced chemiluminescence kit (Amersham Pharmacia, USA). Digital images were obtained and analyzed with BandScan software.
Quantitative real-time PCR
Peri-infarct cortical tissues from 5 rats per group were assessed. Total RNA extraction from the brain tissues was performed with TRIzol reagent (Aidlab) according to the manufacturer's instructions. For miR-223 quantification, reverse transcription was carried out with a TaqMan MicroRNA Reverse Transcription Kit as directed by the manufacturer. U6 was used as an endogenous control. The primers used in this study included (5'-3'): U6 (forward) CTCGCTTCGGCAGCACA; U6 (reverse) AACGCTTCACGAATTTGCGT; NLRP3 (forward) CTGCCAGGGCTCTGTTCATTG; NLRP3 (reverse) CCTTCTGGTCCCTTCCTCACG; rno-miR-223-3p (forward) ACACTCCAGCTGGGTGTCAGTTTGTCAAATAC; rno-miR-223-3p (reverse) TCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGGGGGTAT. The relative miR-223 and NLRP3 expression levels were assessed by the 2 -DDCT method.
Enzyme-linked immunosorbent assay (ELISA)
Rats were sacrificed 7 days after MCAO, and amounts of IL-18 and IL-1b in peri-infarct cortical tissues were measured with specific ELISA kits (E-EL-R0567c and E-EL-R0012c, respectively; Elabscience, China) as directed by the manufacturer. The results are shown as pictograms per milligram (pg/mg).
Statistical analysis
GraphPad Prism 7.0 software was employed for data analyses.
Values are expressed as mean ±SD. The Kaplan-Meier method was used for survival analysis, with the log-rank test used for comparisons. The mNSS scores were assessed by two-way ANOVA, while one-way ANOVA was used for the remaining data. Bonferroni correction was performed for multiple comparisons as needed. P<0.05 indicated statistical significance.
Results
EA increases survival rates and improves neurological outcome after MCAO
Our preliminary work first evaluated the EA treatment on non-acupoints (located at the base of the tail) on MCAO rats (MCAO+EANA). After 7 days of treatment, the effect was evaluated by mNSS scoring, and rats were sacrificed for miR-223 detection. We found that EA treatment on non-acupoints showed no effect on the mNSS scoring or miR-223 expression on MCAO rats (Figure 1 ). We initially included 108 rats in the study, and no deaths were recorded in the Sham group. Rat survival within 7 days of MCAO was markedly higher in the EA treatment group (91.7%) in comparison with the MCAO model (70%) and EA+MCAO+Ant-223 (73.3%) groups. The survival rate in the EA+MCAO+Scr group was 87.5%, comparable with that of the EA+MCAO group (Figure 2A ). These findings suggested that EA treatment protected from MCAO-related death, and this neuroprotective effect was blocked by intracerebral injection of Antagomir-223.
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To explore whether EA improved neurological function recovery, mNSS was performed 1, 3, 5, and 7 days after modeling ( Figure 2B ). The mNSS score was markedly increased in MCAO rats in comparison with the sham group (P<0.001); meanwhile, EA treatment significantly decreased the mNSS scores in MCAO animals (P<0.001). Interestingly, intracerebral injection of antagomir-223 partially reversed the treatment effect, with higher mNSS scores in EA-treated MCAO rats, whereas scramble had no effect on the mNSS scores in EA-treated MCAO rats. These findings indicated that EA could efficiently improve neurological function after cerebral ischemia-reperfusion in this model. Moreover, antagomir-223 could partially suppress the EA-associated neurological function recovery.
EA treatment ameliorated cerebral infarction volume
To assess the effect of EA on infarct volume, we performed TTC staining. The normal brain tissue appeared red, with infarct loci stained white ( Figure 3A, 3B) . Infarct volumes of the cerebral cortex were remarkably larger in MCAO rats (36.80±2.86%) compared with the Sham group (P<0.001). However, EA greatly reduced the cortical infarct volume in MCAO rats (23.60±3.36%). Intracerebral ventricular microinjection of antagomir-223 significantly reversed the reduction of infarct volume in EA-treated MCAO rats to 31.40±2.07%, while scramble had no obvious effects on infarct volume in EAtreated MCAO rats (cerebral infarct volume of 22.60±4.39%). As shown in Figure 3C , the water content of the brain tissue in MCAO rats (87.60±2.61%) was significantly higher than in the Sham group (75.60±2.61%). Meanwhile, brain water content was markedly lower in the EA treatment group (77.80±2.78%) in comparison with MCAO model rats (P<0.001). Antagomir-223 administration significantly reversed the reduction of brain water content in EA-treated MCAO rats to 84.40±2.51%. Scramble did not affect brain water content in EA-treated MCAO rats (brain water content of 78.40±2.41%). These results suggested that the MCAO model was successfully established, and EA treatment markedly reduced infarct volumes and brain water contents in MCAO rats. Moreover, the protective effects of EA were suppressed by antagomir-223.
EA treatment alleviates apoptotic neuronal death
HE staining was used to assess histological changes in the brain. As shown in Figure 4A (first row), in the Sham operation group, histopathology was normal and no neuronal necrosis was observed. On the other hand, in the MCAO model group, most cells were arranged disorderly and neuronal necrosis was observed. However, EA treatment ameliorated these pathological abnormalities. The morphological changes in the EA+MCAO+Ant-223 group were more severe than in the EA+MCAO+Scr group. We further examined the effect of EA treatment on brain injury after cerebral ischemia-reperfusion, evaluating neuronal 2) had no effect on the number of TUNEL-positive neurons in EA-treated MCAO rats, while antagomir-223 microinjection (81.0±3.5) significantly increased the number of TUNEL-positive neurons in EA-treated MCAO rats (P<0.001). These findings indicated that EA inhibited apoptotic neuronal death after MCAO in rats, and this effect was blocked by antagomir-223.
EA treatment increases miR-223 levels and decreases NLRP3 amounts
The expression of miR-223 was assessed by RT-PCR. Figure 5A shows that miR-223 expression was obviously lower in the MCAO control group (0.50±0.16) in comparison with Sham rats (0.87±0.13) (P<0.001), while miR-223 levels in the EA treatment group (1.60±0.13) were significantly higher than in MCAO model rats (P<0.001). Antagomir-223 administration significantly reduced the elevation of miR-223 induced by EA treatment (P<0.001) (0.86±0.25), while scramble had no effect on changes in level of miR-223 in EA-treated MCAO rats.
The expression of NLRP3 was detected by RT-PCR. As shown in Figure 5B , NLRP3 expression levels in MCAO control rats (1.71±0.30) were markedly higher compared with those of Sham rats (0.74±0.24) (P<0.001). NLRP3 amounts in the EA treatment group (0.85±0.21) were greatly reduced in comparison with those of the MCAO control group (P<0.001). Antagomir-223 administration significantly increased NLRP3 elevation induced by EA treatment (1.35±0.23), while scramble had no effect on changes of NLRP3 level in EA-treated MCAO rats. The above findings indicated that EA promoted miR-223 activation and suppressed the expression of NLRP3 in the cortex of rats.
EA treatment ameliorates neuroinflammation
NLRP3 and Caspase-1 protein amounts were assessed by Western blot analysis. As illustrated in Figure 6A , 6B, NLRP3 levels were remarkably increased in the MCAO control group (0.61±0.05) in comparison with Sham animals (0.17±0.07) (P<0.001). EA decreased NLRP3 levels to 0.23±0.06. However, the effects of EA were reversed by antagomir-223 administration, with NLRP3 levels in the EA+MCAO+Ant-223 group of 0.50±0.08, while scramble had no effect on NLRP3 levels in EA-treated MCAO rats (0.27±0.06). Similarly, Caspase-1 levels were remarkably higher in the MCAO control group (0.60±0.11) in comparison with Sham animals (0.14±0.03) (P<0.001), and this effect was reversed by EA treatment to 0.19±0.06. Antagomir-223 treatment resulted in increased Caspase-1 levels in EA-treated MCAO rats (0.49±0.08), while scramble had no effect (0.20±0.05).
To further investigate the influence of EA on neuroinflammation, ELISA was performed to evaluate IL-18 and IL-1b levels in the peri-infarct cortex. As shown in Figure 6C , 6D, IL-18 levels were clearly elevated in the MCAO control group (90.88±8.78 mg) compared with Sham rats (38.85±4.98 mg), whereas EA treatment significantly reversed this effect (IL-18 levels of 55.50±5.73 mg). Antagomir-223 treatment (71.47±6.31 mg) increased IL-18 levels in EA-treated MCAO rats, while scramble microinjection had no effect (IL-18 levels of 56.35±6.07 mg). Similarly, IL-1b levels were remarkably higher in the MCAO control group (51.49±5.01 mg) in comparison with Sham rats (22.44±3.41 mg) (P<0.001), whereas EA treatment significantly reversed IL-1b levels to 33.56±2.67 mg. Antagomir-223 treatment increased IL-1b levels in EA-treated MCAO rats (41.74±3.91 mg), while scramble microinjection had no effect (33.65±4.33 mg). These results suggested that EA treatment downregulated NLRP3, Caspase-1, IL-18, and IL-1b levels in the cortex of rats. Moreover, miR-223 was essential for the ability of EA to inhibit the NLRP3 inflammasome. The above-mentioned results revealed that EA treatment inhibited inflammatory reactions via the miR-223/NLRP3 pathway.
Discussion
EA, based on traditional acupuncture and electrotherapy, is used as a prevention and treatment tool in stroke. Clinically, EA treatment is commonly performed via the acupoints of Waiguan (TE5) and Zusanli (ST36) in stroke patients [20] . Several experimental studies have shown that EA stimulation at acupoints TE5 or ST36 provides neuroprotective effects in cerebral ischemia rats [21, 22] . In this study, we selected the acupoints TE5 and ST36 to assess the effects of EA treatment in the MCAO rat model and to explore the underlying mechanisms.
MicroRNAs are known to be associated with the regulation of stroke-related networks [23] . miR -223 is a biomarker of a wide variety of human metabolic ailments; it is also involved in inflammatory, autoimmune, and cardiovascular diseases, as well as cancer and other pathologies [24] . A previous study revealed that miR-223 participates in adipocyte inflammation related to obesity [25] . Meanwhile, miR-223 regulates the NLRP3 inflammasome, which is involved in inflammation after intracerebral hemorrhage [26] . In addition, miR-223 can also protect the brain from damage by glutamate excitotoxicity [27] . However, miR-223 involvement in the inflammatory reaction after ischemia/reperfusion injury has not been assessed. It was previously suggested that the neuroprotective effects of EA are related to the regulation of miRNAs [28, 29] . Liu and colleagues demonstrated that EA treatment increases the levels of miR-214 and prevents neuronal apoptosis via Bax regulation and downregulates the sodium channel Nav1.3 in rats after spinal cord injury [30] . Zhou and collaborators demonstrated that miRNAs participate in the response to EA treatment after cerebral ischemia, with EA treatment alleviating brain damage by targeting NCS-1 through miR-191a-5p [31] . As shown above, miR-223 was associated with the inflammatory response and was significantly downregulated in brain tissue after cerebral ischemia/reperfusion injury, while miR-223 was upregulated after EA.
Extensive evidence indicates that inflammatory responses play crucial roles in brain injury following ischemia-reperfusion injury [32] . The NLRP3 inflammasome is found at high levels in the central nervous system, and it has thus attracted considerable attention [33] . The NLRP3 inflammasome is indeed critical in mediating inflammation in ischemic brain injury [34] . NLRP3, ASC, and pro-caspase-1 are the key components [35] . Upon stimulation by endogenous or exogenous activating irritants, the complete assembly of the NLRP3 inflammasome is activated [36] . Activated NLRP3 induces caspase-1, which in turn promotes IL-1b and IL-18 biosynthesis [37] and drives inflammatory reactions via multiple downstream signaling pathways, thus causing neuronal damage [38] . Research has shown that EA treatment attenuates neuroinflammation in the hippocampus by inhibiting the expression of the NLRP3 inflammasome [39] . Gao and colleagues demonstrated that EA treatment decreases the levels of the NLRP3 inflammasome through CB2 receptors in inflammatory pain [40] . As shown above, NLRP3 levels were elevated in MCAO rats. Moreover, NLRP3 amounts were decreased upon EA. NLRP3 is a direct miR-223 target [41] . In the present study, miR-223 levels were markedly higher after EA treatment. The increased expression of miR-223 downregulated NLRP3 in brain tissue. In addition, to investigate whether EA reduces NLRP3, caspase-1, IL-1b, and IL-18 levels in the MCAO model rats by upregulating miR-223, an intracerebroventricular injection of antagomir-223 or scrambled-miR was used. The results showed that miR-223 expression was essential for the inhibitory effect of EA on NLRP3. In addition, NLRP3 was shown to have a major role in neuronal death and behavioral deficits in cerebral ischemia/reperfusion injury [42] . Therefore, miR-223 may be a critical mediator of EA in an inflammatory state in brain ischemia/reperfusion injury.
In the central nervous system (CNS), astrocytes and microglia cells play an important and functionally role in regulating the inflammatory response. Accumulating studies have shown that activation of astrocytes and microglia cells was closely related to the neuroinflammation induced by neuro-injuries and neurodegenerative diseases [43] [44] [45] . It has been shown that, in the astrocytic a-synuclein mutant mouse model, which exhibit extensive neuroinflammatory and motor phenotypes of neurodegenerative disorders, EA stimulation at ST36 and SP6 enhanced both anti-inflammatory and antioxidant activities and suppressed aberrant glial activation in the diseased sites of brains [46] . In the central poststroke pain rat model, EA treatment at ST36 and GV20 could inhibit cyclooxygenase-2 (COX-2) expression to attenuate the inflammation and inhibit neuronal apoptosis and aberrant astrocyte activation [47] . Our current study focused more on the EA treatment than on the neuron protection and inhibition of neuroinflammation, which is a limitation of our research. Our future work will pay more attention to effects of EA treatment on the astrocyte and microglia cell functions, as well as the regulation mechanisms.
Another limitation of our study is that we only used a single EA parameter (20 HZ, 1 mA) for the MCAO rat treatment, as in previous studies [48] [49] [50] . Recent research has shown that high-frequency EA treatment was more effective in improving cognitive impairment in Alzheimer rats [51] . Our future work will focus more on the effect of different EA parameters on the CNS disease models.
As shown above, EA treatment at TE5 and ST36 acupoints significantly improved neurological functional recovery and reduced cerebral infarct. Furthermore, EA markedly increased miR-223 levels, and this effect was accompanied by decreased NLRP3, caspase-1, IL-1b, and IL-18 levels in the peri-infarct cortex, which resulted in alleviated brain ischemia/reperfusionassociated inflammatory injury. Taken together, the current findings suggest that EA has protective effects in cerebral injury upon ischemia/reperfusion, at least partly via miR-223/ NLRP3 regulation.
Conclusions
EA treatment significantly improves neurological functional recovery and inhibits inflammatory reactions. The underlying mechanism may include miR-223/NLRP3 regulation. The present findings suggest a novel mechanism of EA treatment for cerebral ischemic injury. 
